Scientific and technological advances in transparent conductive electrodes improve the heating performance of flexible transparent film heaters (TFHs), which can be utilized for various applications as defrosters and heaters. To achieve high performance as well as practical TFHs, several conditions, such as high optical transmittance, low electrical resistance, heating uniformity, and operational stability in various environmental conditions should be satisfied. However, due to the trade-offs between optical transmittance and electrical resistance, it is not easy to fulfill all the requirements concurrently. Here we report flexible TFHs using a ternary composite of silver nanowire (AgNW), conducting polymer (i.e., poly for the improved performance of the AgNW-PEDOT:PSS/ITO TFHs, we investigated the progress of joule heating using a device simulator, and found that the improvement originated not only from reduced electrical resistance but also from enhanced heat dissipation with PEDOT:PSS and ITO. We anticipate that our analysis and results will be helpful for further development of practical flexible TFHs.
Introduction
Flexible transparent lm heaters (TFHs), which generate heat by joule heating, are attracting increasing attention because they can be utilized for defrosters in mirrors, windows, and outdoor displays, and for heaters in wearable devices. [1] [2] [3] [4] [5] [6] Practically, indium tin oxide (ITO) is the most widely used for transparent heaters due to its outstanding transparency and electrical conductivity among various transparent conductive oxides (TCOs). However, the poor mechanical properties of the ITO prevent it from being utilized in exible devices. It is well-known that repetitive mechanical movements induce cracks in the ITO, resulting in signicant degradation of electrical conductivity. 7, 8 In addition, the limited supply of indium is one another reason why we should nd a substitutional conductive material for exible TFHs. Owing to multilateral efforts, to date, several materials have been introduced for high performance exible TFHs. For instance, metal nanowires such as Ag nanowires (AgNWs) and Cu nanowires (CuNWs), [9] [10] [11] [12] carbon nanotubes (CNTs), 13, 14 graphene, [15] [16] [17] conducting polymers, 18 and their composites. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Among them, AgNWs are considered as the most promising candidate for exible TFHs because of their superb electrical conductivity, high optical transmittance (T R ) in visible spectral ranges, and excellent mechanical stability, since Celle et al. demonstrated AgNW-based exible TFHs in 2012. 30 Moreover, large-area exible TFHs can be mass-producible in various low-cost deposition processes, such as slot-die coating, spray-coating, and consecutive roll-to-roll (R2R) methods. [31] [32] [33] In spite of those advantages, AgNW-based thin lms suffer from inherent weakness of high junction resistance by the insulating ligands (e.g., polyvinylpyrrolidone) surrounding the AgNWs and poor interconnections between their random networks. 34, 35 These properties degrade both of the electrical and heating performance of TFHs, resulting in local hot spots, nonuniform heat distribution, and failure of the TFHs at a low heating temperature.
36-38
To overcome these problems, various techniques have been employed in AgNW-based TFHs. For example, electron beam assisted nano-soldering of AgNW junctions was reported in 2015 to enhance the interconnection between AgNWs and the heating performance.
39 Flash-induced plasmonic welding was also introduced in 2017 to reduce the contact resistance between AgNWs. 40 Another approach to improve the electrical and heating performance of exible AgNW-based TFHs is to incorporate other conductive materials, such as CNTs, 19-21 graphene, [22] [23] [24] metal oxides, [25] [26] [27] and conducting polymers. 28, 29 Most of the TFHs using AgNW composites exhibit reduced electrical resistance and resultant higher heater performance in terms of the maximum temperature and thermal uniformity compared to the devices with pristine AgNWs, mainly because of the improved interconnection between AgNW random networks. However, there are trade-offs between electrical properties and other properties in the AgNW composite lms. For instance, optical transmittance may be decreased by incorporating CNTs or conducting polymers (e.g., polyaniline and poly [3,4-ethylenedioxythiophene] :polystyrene sulfonate [PEDOT:PSS]) which typically absorb visible light. [19] [20] [21] 28 When metal oxides, such as ITO, aluminium zinc oxide, and uorine-doped tin oxide, are adopted, mechanical exibility of the lm becomes poor as mentioned above, although they possess decent electrical and optical properties. In case of graphene, the composites can have advantages in transparency, electrical and thermal conductivity. However, the fabrication process for graphene requires high temperature and complicated steps (e.g., thermal reduction of graphene oxides or chemical vapour deposition), 22, 23 which is not favourable with the fabrication process for low-cost, large-sized exible TFHs.
Herein, we report highly power-efficient, easily processible, and highly exible TFHs using a ternary composite of AgNW, PEDOT:PSS, and ITO. This lm exhibited improved electrical conductivity and uniformity with high optical transmittance of 95% at 550 nm because of PEDOT:PSS and an additional thin ITO layer (10 nm). As a result, the exible TFHs showed improved thermal resistance with the maximum temperature of over 110 C and with homogeneous temperature distribution.
The maximum temperature as well as mechanical exibility were enhanced compared with the pristine AgNW and AgNW-PEDOT:PSS devices. To nd out the reasons, we observed optical, electrical, and mechanical characteristics of the composite lms systematically. We also investigated the progress of joule heating in the pristine and composite lms using a device simulation tool. Here we newly found that the exible TFHs using the AgNW-PEDOT:PSS/ITO can endure the higher temperature than the other devices because of not only reduced electrical resistance but also enhanced heat dissipation. Moreover, the TFHs exhibited stable operation in water, which is highly desired for use in various outdoor environmental conditions.
Results and discussion Fig. 1(a) -(c) show the schematic images of the three AgNW composite lms for exible TFHs fabricated on poly(ethylene terephthalate) (PET) with the scanning electron microscopy (SEM) image, consisting of AgNW, AgNW-PEDOT:PSS, and AgNW-PEDOT:PSS/ITO. The PEDOT:PSS and ITO were adopted to enhance the electrical uniformity by lling the gaps between AgNWs with the minimum transparency loss, as reported previously. 32 The average width of the AgNWs was $35 nm. In the AgNW-PEDOT:PSS lm, there are few remarkable changes but the width of some AgNWs look slightly thinner, meaning that PEDOT:PSS properly inltrated into empty space between AgNWs. When an ITO layer was added, the width of the AgNWs increased up to 50 nm because the ITO layer covered the AgNWs. Consequently, the empty space between AgNWs are considered to be lled with PEDOT:PSS and ITO. Fig. 1(d) shows the optical transmittance spectra of the lms. Although T R was slightly decreased when the PEDOT:PSS and ITO was added, all the lms exhibits high T R of above 95% at 550 nm, which are comparably high values among those of previously reported AgNW composite lms. respectively, which are plotted in Fig. 1(e) . Only the AgNW-PEDOT:PSS lm showed slightly higher R S than the other lms, due to the relatively higher electrical resistance of the pristine PEDOT:PSS. When a thin ITO layer was added, R S of the lm became comparable to the pristine AgNW lm.
For being a good transparent conductor, low R S and high T R should be achieved at the same time. However, as can be seen in the results above, it is hard to improve both electrical and optical properties simultaneously. Thus it is advantageous to obtain a high gure of merit (FOM) which is dened from the following T R -R S relationship,
as FOM ¼ s op /s dc , the ratio of the electrical conductivity to the optical conductivity. We plotted the T R -R S relationship of our results in comparison with the previously reported transparent conductors using AgNWs, AgNW composites, and a few other materials (e.g., CNTs, graphene, and PEDOT) in Fig. 1 (f). Our lms show the FOM of about 200, which is not higher than that of the specially treated AgNWs but comparable with other AgNW composites and even higher than pristine AgNWs. Also, because the samples exhibit superb T R among the AgNW composites, they can be advantageous for the applications requiring high transparency. Another desirable factor for TFHs is mechanical exibility. We tested mechanical exibility and durability using a cyclic bending machine. The relative R S change (DR S ) of the lms according to the number of bending cycles is dened as
where R S0 and R SS are the sheet resistances before and aer a certain number of bending cycles, respectively. The bending radius was xed to 5 mm and the bending rate was 1 Hz. As shown in Fig. 1(g) , DR S of the AgNW lm was increased by $70% aer 5000 bending cycles. In contrast, the AgNW-PEDOT:PSS and AgNW-PEDOT:PSS/ITO lms exhibited small changes in R S during the same bending cycles. It indicates that mechanical stability of the AgNW lm was signicantly enhanced by adopting PEDOT:PSS. It may be obvious that the mechanical properties are improved by PEDOT:PSS because polymer lms are highly exible in general. However, the lms containing ITO which has brittle characteristics also exhibited an excellent mechanical stability to the bending test. It is attributed to the limited crack formation in the very thin ITO layer. 32 As a result, the ternary composite of AgNW-PEDOT:PSS/ ITO was expected to be a good candidate for exible TFHs.
To characterize the performance of the AgNWs and their composite-based exible TFHs, we recorded the temperature changes with an infrared (IR) camera for 300 s, while each voltage from 3 to 11 V was applied. Fig. 2(a) -(c) compare the temperature proles of three exible TFHs over time. All the lms reached its steady-state temperature at around 70 s. The saturated temperature of the AgNW TFH was 33 C at 3 V, and it was increased to 64 C at 7 V. But the AgNW TFH exhibited a breakdown during the operation at the bias voltage of 9 V. It is likely that high junction resistance between the AgNWs made local hot spots, which destroyed the connection between the AgNWs. 9, 37 In contrast, the AgNW-PEDOT:PSS TFH endured higher voltages, generating the temperature of 105 C at 11 V. It can be supposed that PEDOT:PSS effectively extended the electric conduction paths and reduced the junction resistance between AgNWs. Although the maximum heating temperature of the AgNW-PEDOT:PSS TFH was increased, the temperature at the same bias voltage is lower than that of the AgNW TFH, because of its higher R S . This demerit can be surmounted by adopting a thin ITO layer onto the AgNW-PEDOT:PSS lm. As shown in Fig. 2(c) , the AgNW-PEDOT:PSS/ITO TFH exhibits the saturation temperature of the $115 C at 11 V bias, which is about 10 C higher than that without an ITO layer at the same bias voltage. It is attributed to the reduced the resistance of the AgNW-PEDOT:PSS/ITO lm, which is comparable to the value of the pristine AgNW lm. Also, the ITO layer functions as a blanket which effectively reduce the thermal losses from the lm to air.
42
It is known that self-aggregation, high junction resistance, and poorly interconnected AgNW networks are major reasons for local hot spots which reduce the stability of TFHs. In other words, heating performance uniformity is a crucial factor for TFHs. Therefore, we analysed the heating uniformity at 7 V (in steady-state) using the areal temperature distribution of the lms obtained from their IR photos. As plotted in Fig. 2(d) with the box-and-whisker plots, the AgNW demonstrates the mean temperature as high as $64. 4 C. However, the interquartile range (IQR) value (dened as IQR ¼ rst quartile À third quartile of data) is larger than the other devices. Moreover, the whiskers for the minimum and the maximum are drawn farthest from each other; that is, the highest local maximum temperature was as high as 93.9 C while the lowest local minimum temperature was 41.4 C. On the other hand, the AgNW-PEDOT:PSS lm presents the most homogeneous temperature distribution with the smallest IQR value, which is attributed to PEDOT:PSS. However, the heating temperature was much lower than the other TFHs at the same voltage due to the high R S . The AgNW-PEDOT:PSS/ITO lm exhibits moderate uniformity in temperature distribution, as compared with the other samples. But the box-plot shows that considerable data points of local temperatures are leaning to the higher temperature range than the median value. The IR images of the lms at 7 V are shown in inset of Fig. 2 
(d).
We also compared the heating temperature at the same input power density, as shown in Fig. 2(e) . The pristine AgNW and AgNW-PEDOT:PSS/ITO TFHs exhibit almost similar heating temperatures at the same power density until 0.17 W cm
À2
. But the AgNW sample shows evident degradation at higher input power density. The AgNW-PEDOT:PSS TFH can endure much higher input power density than the AgNW sample, but the heating performance is lower than the others. This result also shows the advantage of the ternary composite lm for exible TFHs over the other samples. We also calculated the thermal resistance of unit area (or the thermal insurance) of the AgNW and AgNW composite lms by tting the heating temperatureinput power density data in Fig. 2(e) , as compared in Fig. 2(f) ). The results demonstrate that the introduction of a thin ITO layer improves the power efficiency of the TFHs. It is not surprising that the thermal resistance of the pristine AgNW lm, 220.3 C cm 2 W À1 , is the highest value when considering its sheet resistance. But as mentioned above, the sample did not endure high input power density, debasing the usefulness as a TFH. Therefore, based on the heating performance results, we consider that the AgNW-PEDOT:PSS/ITO lm can be an excellent candidate for practical use in TFHs.
For deeper understanding of heating performance of the AgNW-based TFHs, for instance the maximum temperature and heat distribution, we conducted a joule heating simulation using a device simulator, Lumerical DEVICE. To gure out the phenomena especially at AgNW junctions, we let two AgNWs cross each other, and applied voltages to make electric current ow from one AgNW to the other AgNW through the junction, as schematically described in Fig. S1 in ESI. † We added a PEDOT:PSS layer (17.5 nm) and an additional ITO layer (10 nm) onto the AgNWs for the simulation of AgNW-PEDOT:PSS and AgNW-PEDOT:PSS/ITO, respectively. The current ow by the applied voltage (from 0 V to 0.3 V) through the AgNWs leads to an ohmic power loss in the wires which is dissipated as heat. Fig. 3(a) shows the simulated maximum temperatures within the lms by joule heating between two AgNWs. As the bias voltage was increased, the maximum temperature of the AgNWs increased accordingly. A horizontal line at 473.15 K corresponds to the melting point (T m ) of AgNWs, 43 which could be the starting point of local failure within the THFs. The simulation results show that the AgNWs reach T m at the lowest voltage of 0.181 V, whereas the AgNW-PEDOT:PSS lm reach T m at about 11% higher voltage of 0.200 V. In case of the AgNW-PEDOT:PSS/ ITO, T m was achieved at 0.191 V. We found that the results well agree with the empirical data in Fig. 3(b) as well as the sheet resistance of three samples in Fig. 1(e) . A notable difference in the empirical data compared to the simulation is that the mean temperature of the AgNW TFH is higher than the others at low voltages but it decreases as the voltage increases (at about >4 V). Finally, the temperature is lowest among three THFs at 9 V, which is attributed to local junction failure within the AgNW networks, as conrmed above.
To understand the simulation results more in detail, we explored the cross-sectional heat distributions at the centre of the simulation conguration (see Fig. S1 in ESI † for the detailed position), as depicted in Fig. 4(a)-(c) . Following Fig. 4(d) -(f) present the simulated heat distributions when the maximum temperatures reach 473.15 K. In case of the pristine AgNWs (Fig. 4(d) ), T m is observed at the cross point of two AgNWs due to the high contact resistance. At this moment, however, the temperatures of the other parts of the substrates as well as the AgNWs was much lower (i.e., 340-370 K) than the cross point. Thus, we can only expect low heating temperature in the TFH with the pristine AgNWs. On the contrary, we can observe the widespread heat distribution around the AgNWs in the PEDOT:PSS-containing AgNW lms (Fig. 4(e) and (f) ) when the maximum temperature is T m . It is noteworthy that the cross point of two AgNWs reach T m most quickly as the AgNW lm. Higher AgNW temperatures originate from the improved AgNW interconnection and more intimate contacts between AgNWs, caused by PEDOT:PSS and ITO. In addition, signicant temperatures difference in the substrate and the AgNW periphery regions including the substrate region composite lms can be achievable by enhanced joule heat dissipation by fully covering the surface of the PET substrate. In case of AgNW, it can have extremely small contact area due to its shape. Higher performance in the AgNW-PEDOT:PSS/ITO lm than in the AgNW-PEDOT:PSS lm may be attributed to the higher electrical and thermal conductivity of ITO compared to PEDOT:PSS. Based on the device simulation, to summarize, we conrm that the ternary composite lm can demonstrate the highest heating temperature with uniformity.
Finally, to verify the operation and environmental stability of the AgNW-PEDOT:PSS/ITO TFHs, we conducted the cyclic heating and cooling test by applying (7 V, 10 s) and releasing the voltage (10 s) for 30 cycles. As shown in Fig. 5(a) , the exible TFH heated up to over 65 C and cooled down to near the room temperature, showing good response time, operational stability, and repeatability. We also tested the environmental stability by operating the TFH soaked in deionized water in a plastic Petri dish, as shown in Fig. 5(b) . The inset photograph shows the measurement setup while the IR image presents heat radiation at 7 V in water. Due to the high specic heat of water, the maximum temperature is held at $47 C.
Nevertheless, stable operation in water maintained for more than 3000 s, which must be meaningful for practical use under a variety of outdoor conditions (also see Fig. S2 and a movie clip in ESI †). 
Conclusions
This work presents the development of the high performance exible TFHs with excellent exibility and stability by using a ternary composite of AgNW-PEDOT:PSS/ITO. This hybrid lm based TFHs exhibit simultaneous improvement in electrical, mechanical, and heating properties with little loss of optical transmittance, compared to the pristine AgNW TFHs. In particular, highly uniform and environmentally stable TFHs are developed by the introduction of a thin ITO layer, enabling to demonstrate the operation of the TFHs even in water. Also, the fundamental device simulation on the AgNWs and their composite lms revealed the mechanisms of the enhancement and failure by showing a few physical phenomena, such as local heating and heat dissipation in the lms. We believe that the concepts, results, analysis must be sufficiently helpful for further development of practical exible TFHs.
Experimental section
Three kinds of the AgNW and AgNW composite lms were supplied by Inktec, which were prepared according to the previously reported procedure. 32 The AgNW ink (0.1 wt%) was purchased from Nanopyxis. PEDOT:PSS (Clevios PH 1000, 1 : 2.5 by weight) was purchased Heraeus Precious Metals. To form the lms with a slot-die coater, the AgNW and AgNW-PEDOT:PSS (solid weight ratio of 2 : 1) inks were formulated by adding a dispersing agent (BYK Anti-Terra-250, 0.25 wt%), a polymer binder (hydroxypropyl methylcellulose, 1 wt%), and solvent (5 wt% of isopropyl alcohol in deionized water). The AgNW and AgNW-PEDOT:PSS inks were slot-die-coated onto a exible PET roll lm with a thickness of 125 mm, followed by annealing in an in-line oven at 120 C for 3 min. A 10 nm ITO layer was sputtered on to the AgNW-PEDOT:PSS composite lm via R2R process. The as-prepared AgNW composite lms were cut into the size of 20 mm Â 20 mm. Then, Ag pastes were applied at both sides of the lms and annealed at 50 C on a hotplate for 20 min to remove residual solvents. SEM (MIRA-1, Tescan) was used to investigate the surface microstructures of the AgNW networks. The transmittance of the lms was measured with a UV-Vis spectrophotometer (JASCO V-730) using a PET lm as the reference. To analyse the electrical and thermal stability of the AgNWs and AgNW composite networks, a device simulation was conducted using a commercial device simulator (Lumerical DEVICE, Lumerical). The sheet resistance was measured by a Kelvin four-point-probe system (CMT-SR1000N, AIT). The cyclic bending test was performed with a homemade bending tester consisting of motordriven mounting stages. For operating the exible TFHs, various DC voltages were applied through both electrodes using a DC power supply (Agilent). The temperature data were recorded using an IR camera (A325sc, FLIR).
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